The cells of higher plants, in contrast with those of other organisms, contain relatively large amounts of organic acids. Krebs & Lowenstein (1960) calculated that the concentrations of individual organic acids in Escherichia coli are about 0-01 mM, in liver or kidney cells 0 1 mm, and in yeast cells 1 mm. By using the same type of calculation it can be estimated that many plant tissues contain citrate and malate at concentrations of 10 mm, and some contain aconitate or isocitrate at this concentration. Succinate and fumarate are often present at a concentration of 1 mm, but other acids occur at lower concentrations.
Another distinguishing feature of plant cells is the large vacuole which frequently accounts for more than 90 % of the volume. Stiller (1959) has given theoretical reasons for supposing that a correspondingly large proportion of the total acid is present in the vacuole. She has calculated that, if malic acid in Bryophyllum leaves were confined to the cytoplasm, its concentration would be 7-8M, but, if it were in the vacuole also, its average concentration would be 0-25M, a more credible value. Her experimental results also indicate 'compartmentation' of malate, since the malate formed from 14CO2 remained asymmetrically labelled, but asymmetrically labelled malate provided to the tissue from outside became randomized. BennetClark & Bexon (1943) have experimental evidence that individual acids may be constrained inside the vacuole so that an apparent diffusion gradient is maintained between the vacuole and the cytoplasm. The vacuole need not be considered as the only storage reservoir of metabolites, however, since a degree of 'compartmentation' within the cytoplasm itself has been invoked as a rational explanation of a variety of results in which labelling patterns and specific activities of metabolites have been measured after providing 14C_ labelled intermediates to various cells (Porter & May, 1955; Steward, Bidwell & Yemm. 1958; Lajtha, Berl & Waelsch, 1959; Berl, Lajtha & Waelsch, 1961; Cowie & Walton, 1956; Cowie & Bolton, 1957; Cowie & McClure, 1959 The experiments described below were designed to answer the question whether 'compartmentation' of the large amounts of Krebs-cycle intermediates is a general phenomenon in plant tissues and to determine the extent of 'compartmentation' where it existed. The experimental design was based on the rationale that if a labelled compound, isolated from a biological tissue, has a higher specific activity than its labelled precursor then only a fraction of the precursor pool is involved in the interconversion. The remainder of the precursor, then, is isolated from the metabolic site and mixes with the metabolic pools only when the cellular organization is disrupted by extraction procedures. The Krebs-cycle intermediates are a series of precursors to each other and to the carbon dioxide arising from the cycle. Therefore, if the carboxyl carbons of all the Krebs-cycle intermediates are labelled with 14C and appropriate corrections are made for any asynmmetry of labelling, and if all the acid present turns over in the cycle, then the carboxyl carbons of all intermediates and the carbon dioxide arising from the cycle should approach the same specific activity. This has been demonstrated in Escherichia coli (Swim & Krampitz, 1954) , where equilibration time is short, endogenous metabolism is low and the pool sizes of acids are small. When [1-14C] acetate was used to label the Krebs-cycle intermediates in maize-root tissue (Harley & Beevers, 1963 ) the acetate carbon appeared to be sequentially trapped in the sizeable pools of acids of the Krebs cycle and a delay in the evolution of 14CO2 was observed which was measurable in minutes. This indicated a mixing of the respiratory pools with part of the total acid content of the tissue, and the fact that the specific activities of the acids continued to rise during 15 min. indicated that this mixing was extensive.
The present paper describes experiments in which [1-_4C]acetate was provided to a variety of plant tissues to label the carboxyl carbons of the Krebs-cycle intermediates. At intervals over periods of hours, the specific activities of the carbon dioxide and the carboxyl carbons of the acids were measured. As the turnover pools of acids reached equilibrium with accessible acids elsewhere in the cell, the 14C in the carbon dioxide coming from the cycle reached a conistant specific activity. The amount of each individual acid involved in the Krebs cycle should be that fraction of the total amount in which the carboxyl carbons reached the same specific activity as the carbon dioxide arising from the cycle.
The results show that 'compartmentation' is a general phenomenon in plant tissues. As root tissues matured a smaller fraction of the total acid was present in turnover pools and the absolute sizes of the turnover pools showed less variation. In tissues particularly rich in acids, only small fractions were found to be in turnover pools.
MATERIALS AND METHODS Plant material. Maize seedlings (Zea mays, var. Wf9 x 38-11) were germinated and prepared as described by Harley & Beevers (1963) . The apical 2-3 mm. and apical 1 cm. sections were obtained from 1-day-old roots, and the third 1 cm. sections from 3-day-old seedlings. Coleoptiles were obtained from 5-day-old seedlings.
Carrots and beets were purchased locally. C-3 and C-4 (Stiller, 1959) and it had a specific activity of 0.1 mc/mmole.
Procedure. Solutions containing labelled substrate and tissue samples were placed in medium sintered-glass filter funnels. C02-free air was bubbled through the base of the funnel to keep the solution above the sintered-glass disk and to aerate the suspended tissue. Respired C02 was carried in the air stream to a T-joint fixed in the top of the funnel. Each outlet from the T-joint led into a 50 ml. centrifuge tube containing 5 ml. of barium hydroxide, hyamine hydroxide (benzyldimethyl{2-[2-(p-1,1,3,3-tetra- (Passman, Radin & Cooper, 1956) or in ethanolamineethylene glycol monomethyl ether (1:4, v/v) (Jeffay & Alvarez, 1961) .
Extraction and 8eparation of acid8. At intervals, one of the replicate samples was removed, the bathing solution was drawn off, and the tissue was rinsed with deionized water and transferred to 75 ml. of boiling 80 % (v/v) ethanol made acid with formic acid. The samples were then boiled for 1-2 min. The ethanol was decanted and the tissue was ground, first in a Lourdes homogenizer and then in a ground-glass hand homogenizer. The slurry was filtered and the residue, while still on the filter, was extracted successively with 80% (v/v), 50% (v/v), 20% (v/v) and 80% (v/v) ethanol. The extracts were combined and evaporated to dryness at 400 under reduced pressure. The residue was extracted successively with ethyl ether and water to yield, respectively, the lipid fraction and the water-soluble fraction. After removal of the ether, the lipid fraction was dissolved in 10 ml. of toluene. Portions (1 ml.) were removed for 14C assay.
The water-soluble fraction was dissolved in 20ml. of water and treated with Schwarz Polidase (Schwarz Laboratories, New York) to split phosphate esters. The solution was then fractionated on Dowex resins, as described by Canvin & Beevers (1961) , into acidic (mainly organic acids), basic (mainly amino acids) and neutral (mainly sugars) fractions. The amino acid fraction was further separated on a column (6 cm. x 1 cm.) of Dowex 1 (X1O; acetate form) resin to obtain acidic (mainly dicarboxylic amino acids) and neutral-plus-basic amino acid fractions (Hirs, Moore & Stein, 1954) . After being evaporated to dryness at 400 under reduced pressure, the fractions were dissolved in 25 ml. of water and 1 ml. samples were taken for 14C assay.
The organic acids were further separated by gradient elution from Dowex 1 (formate form) columns as described by Canvin & Beevers (1961) . The acidic-amino acid fraction was separated by gradient elution from a column (19 cm. x 1 cm.) of Dowex 1 (acetate form). 4N-Acetic acid was used in the acid reservoir. These techniques gave peaks of pure succinic acid, malic acid, aconitic acid, glutamic acid and aspartic acid. The citric acid peak included a minor labelled component.
The quantities of organic acids were determined by titration with standardized base. Samples containing known amounts of acid were then made up to 10 ml., and 1 ml. samples were removed for 14C assay.
Amino acid peaks were located by their acidity. The samples comprising the peaks were made up to 10 ml., and portions were removed for determination of radioactivity and for determination of amino N by the ninhydrin method described by Yemm & Cocking (1955) .
14C-labelled malate samples containing 400-3500 counts/ min. were added to 100 tmoles of unlabelled malate. These samples were degraded with Lactobacillus arabinosu8 17-5 (Nossal, 1952) (Katz, Abraham & Chaikoff, 1955) . The acetate was purified by steam-distillation and subjected to combustion by the persulphate method of Katz, Abraham & Baker (1954) . For the degradation of 14C-labelled glutamate, samples containing 700-13000 counts/min. were made 0-05M with unlabelled glutamic acid, and 1 ml. portions were removed for decarboxylation. C-1 was removed with ninhydrin (Aronoff, 1961) ; C-5 was removed from a separate portion by the use of azide (Aronoff, 1961) .
14C-labelled citrate was decarboxylated by the oxidativebromination method described by McArdle (1955 The C02 collected in ethanolamine or hyamine hydroxide was counted in a Packard Tri-Carb liquid-scintfllation spectrometer. One ml. of hyamine hydroxide-methanol solution containing C02 was counted in 10 ml. of toluene scintillator composed of 2,5-diphenyloxazole (5 g.) and 1,4-bis-(5-phenyloxazol-2-yl)-benzene (0-25 g.) in toluene (1 1.). One ml. of ethanolamine-ethylene glycol containing C02 was counted in 10 ml. of toluene scintillator to which was added 1 ml. of ethanolamine and 7 ml. of ethylene glycol monomethyl ether.
One ml. of the lipid fraction was counted in 10 ml. of toluene scintillator. One ml. of the water-soluble fractions was counted in 10 ml. of dioxan scintillator consisting of 2,5-diphenyloxazole (7 g.), 1,4-bis-(5-phenyloxazol-2-yl)-benzene (0-25 g.) and naphthalene (100 g.) in dioxan (1 1.).
Benzoic acid with a known activity of 1100 disintegrations/min./mg. was used as internal standard to determine the counter efficiency.
RESULTS

General feature8 of acetate utilization
Although there were differences in the rates of [1_14C]acetate utilization by the various tissues, the results inFigs. 1 and 2, obtainedfrom carrot disks and maize-root tips, show features of acetate metabolism that were shared by the tissues examined.
The 14CO2 output showed an initial lag followed by a linear phase and an eventual decline in rate when the [1-14C]acetate was exhausted.
Negligible amounts of 14C were incorporated into the neutral (or sugar) fraction.
Incorporation, of 14C into the lipid fraction represented a small but significant drainage of acetate carbon in all tissues.
Organic and amino acids comprised the bulk of the soluble 14C-labelled compounds at all times. The earliest determinations in Figs. 1 and 2 show that the 14C content of the amino acids was already greater than that of the organic acids, although it is clear from the work of Harley & Beevers (1963) that acetate carbon is initially incorporated into nonvolatile organic acids and that these are precursors of amino acids. At later times the 14C content of the amino acid fraction declined though that of the organic acid fraction was maintained or increased. Apparently 14C from amino acids was returned to the organic acids and this effect became evident as the [1-14C]acetate was depleted. Fractionation of amino acids into acidic and neutral-plus-basic fractions clearly shows that the loss in 14C content occurred only from the acidic fraction: 14C in the neutral-plus-basic fraction remained constant or increased throughout the period of the experiment. 3 shows the changing distribution of 14C between acidic amino acids and neutral-plus-basic amino acids with time. All of the amino acid 14C was in the acidic fraction at the earliest times and incorporation into the neutral-plus-basic fraction was a subsequent event. The acidic amino acids, then, are precursors of the 14C-labelled neutral and basic amino acids and this conversion appears to be irreversible. The interconversions with the Krebscycle acids occurred without changes in the sizes of the organic acid or amino acid pools (see below) and is thus merely a cyclic transfer of carbon. Combustion of citrate samples from maize and BryophyUum and combustion of the pentabromoacetone derived from C-2, C-3 and C-4 of citrate yielded the results in Table 2 . C-2, C-3 and C-4 of citrate were unlabelled, showing that all of the 14C in citrate was in the carboxyl groups. From the degradations of malate and citrate it was assumed that 14C in all Krebs-cycle intermediates, including glutamate and aspartate, was confined to the carboxyl groups.
A comparison of the 14C in the carboxyl groups of glutamate is given in Table 3 . The 14C was not evenly distributed between the carboxyl groups, he asymmetry observed in g reflects that in the trionly C-1 and C-6 of these amate) are the direct prearbon dioxide, the observed ese acids (an average value r total counts/min. by total rrected in order to make the specific activity of the Thus the specific activities Specific activities of carbon dioxide and acids in experiments with [1-14C]acetate First 2-3 mm. of maize-root tips. The specific activity of the respired carbon dioxide reached a constant level at 1 hr. (Table 6 ). Succinate had the highest specific activity at 0-5 hr. and this was maintained at a higher level than that of the carbon dioxide throughout the experiment, although it declined after 1-5 hr. The specific activity arrive at a value of some 11000 disintegrations/ 5___06__N.D.____87___0 min./carboxyl group as the minimum specific activity of the turnover pools of the Krebs-cycle 3imilarly high value at 1 hr. acids. Since the specific activity of the carbon r. By contrast, the specific dioxide never exceeded 6000 disintegrations/min. 1 aconitate were relatively it is clear that at least 45 % of the carbon dioxide riod of measurement and was being released in reactions outside the Krebs r 1-5 and 2 hr. respectively. cycle. :ide results we deduced that First 1 cm. of maize-root tips. These segments the turnover pools of the included both meristematic and vacuolated zones. e must have reached equal The acids in this tissue showed similar changes with activity at 1 hr. The fact time in relation to the carbon dioxide as in the ific activities of the acids younger tissues (Table 6 ). Citrate was the first acid this time constitutes evi-to reach its highest specific activity. The specific of accessory pools of indi-activities of malate and aspartate showed increases yady equilibrium with the to 1-5 hr. and that of aconitate was still rising at naximum specific activities the end of the experiment. Again succinate had the e compared with those of highest specific activity of the acids and at 1 hr. it oe, which had high specific was almost twice that of the carbon dioxide which 000 disintegrations/min./,u-had reached a constant level at that time. If all fractional activities are of the succinate were in a turnover pool then the aconitate, 0-31; malate, carbon dioxide from the Krebs cycle again must Bioch. 1963, 89 Vol. 89have been diluted by an amount of unlabelled carbon dioxide equal to about 45 % of the total carbon dioxide evolved. Third 1 cm. of maize -roots. In these segments vacuolation was more complete. The specific activities of all the acids continued to rise throughout the experiment, although citrate, glutamate and succinate were nearly maximal at 1-5 hr. (Table 7) . The specific activity of the carbon dioxide exceeded that of every acid at each period of measurement, but again succinate and glutamate had the highest specific activities. It is clear that the total quantity of none of the acids was involved in the turnover pools of the Krebs cycle. The generally lower specific activity of the acids in relation to that of the carbon dioxide as compared with the experiments with younger tissue indicates that large fractions of the total quantities of the acids were physically remote from the respiratory centres in the more highly vacuolated cells.
Maize coleoptile. The coleoptile tissue absorbed and metabolized acetate almost as rapidly as did the root tissues (Table 7) . At 1 hr. the carbon dioxide had reached maximal specific activity and this specific activity was maintained for 2 hr. At 1 hr. the labelling in all acids except aconitate was maximal. Aconitate began to lose activity after 3 hr. but, as in all maize tissues, the incorporation of 14C into aconitate did not follow that incorporated into citrate. Glutamate was the only acid to reach the same specific activity as the carbon dioxide: the specific activities of all other acids were less by at least 25 %.
Carrot. The specific activity of the carbon dioxide reached a maximal and constant level by 1-5 hr. and remained constant up to at least 3 hr. (Table 8) .
Although the specific activities of citrate and glutamate approached that of the carbon dioxide, the difference between the specific activity of the carbon dioxide and that of malate was very large. At 3 hr. the carbon dioxide had a specific activity 10 times that of malate, and hence at least 90 % of the malate was not in equilibrium with the respired carbon dioxide.
Beet. Beet, a storage tissue, was expected to have similar characteristics to carrot, and Table 8 shows that the specific activities of citrate and glutamate were equal to that of the carbon dioxide, as they were in carrot. In contrast with the carrot, beet tissue had relatively low concentrations of malate and its specific activity was almost 40 % higher than the specific activity of the carbon dioxide. It is evident, then, that a large part of the acid content of beet is in equilibrium with the respiratory pools.
Wheat leaves. The specific activity of the carbon dioxide failed to reach a constant level during the period of the experiment, and the specific activities of the individual acids also increased (Table 9) .
Succinate, the acid present in smallest amount, had the highest specific activity and, as in the younger maize-root tissues, this was considerably greater than that of the carbon dioxide. The specific activity of aconitate was always considerably lower than that of the other acids and rose continuously during the experiment.
Bryophyllum leaves. The distinctive feature of this tissue was the high concentration of isocitrate.
Although the carbon dioxide rapidly reached a high and constant specific activity, indicating that the carboxyl groups of the turnover pools had reached constant specific activities, the measured specific activities of the acids were much lower than this value, indicating partial equilibration. Attention is drawn to the extremely low specific activity of isocitrate (Table 9) . Correction of specific activity of respired carbon dioxide From the above results it is evident that the specific activities of the carboxyl groups of the individual extracted acids were usually much smaller than that of the respired carbon dioxide. It is emphasized that the specific activity of the respired carbon dioxide was not the specific activity of the carbon dioxide from the Krebs cycle. No allowance was made for the fact that only a portion of the carbon dioxide collected had arisen from reactions subsequent to acetyl formation. Since the acetate added was not a large amount and hexoses were still the major respiratory substrate, one-third of the carbon dioxide (released in the conversion of pyruvate into acetyl) probably arose from reactions before the Krebs cycle, and this value would be increased if hexose were diverted through the pentose phosphate pathway. Moreover, irreversible drainage of carbon from acetate to lipid and of Krebs-cycle the respired carbon dioxide provided by reactions subsequent to acetyl formation. Although it is not possible to determine precisely what correction factor should be applied to the specific activity of the carbon dioxide from each tissue in order to make a meaningful comparison with the acids, some information on this point is shown in Table 10 where the contributions of the different carbon atoms of supplied glucose to the respired carbon dioxide are shown. These results show that the contributions of C-3 and C-4 to the carbon dioxide are in fact higher than the total of one-third expected if complete conversion of glucose into carbon dioxide had occurred. More than one-half of the respired carbon dioxide was produced from these carbon atoms in each tissue, except wheat leaf and maize coleoptile where the values were 44 %. The selective utilization of C-1, C-2, C-5 and C-6 (which give rise directly to acetate) in the reactions mentioned above and in the production of acids other than those of the Krebs cycle (Harley & Beevers, 1963) would bring about this result. When the disproportionate contribution of C-1 of glucose to carbon dioxide in carrot, wheat, beet and Bryophyllum is also considered it seems that not more than one-half of the carbon dioxide actually observed was being produced in reactions of the Krebs cycle. The results for maizeroot-tip tissues (Table 6) , from which it was calculated that at least 45 % of the carbon dioxide came from reactions outside the cycle, also lend support to this estimation. Thus the values for specific activity of the carbon dioxide may be conservatively corrected by a factor of 2.
This has been done in Table 11 where the maximum specific activities of the individual acids in each tissue were divided by the corrected specific activity of the carbon dioxide. These values are estimates of the maximum fraction of the total amount of individual acids which readily equilibrate with the turnover pools in the Krebs cycle.
From the values presented in Tables 4 and 11 we estimated the absolute amount of individual acids which equilibrate with the turnover pools in the Krebs cycle. These calculations are presented in Table 12 . 11  10  27  27  10  15  11  8  32  32  8  10  16  8  25  25  8  18  14  14  22  22  14  14  22  10  26  26  10  6  22  9  23  23  9  14  18  12  22  22  12  14  14 11 27 27 11 10 while the 14C contents of the organic acids were still high. These findings show that turnover of the organic acids was not restricted to catalytic amounts at the respiratory centres; apparently mixing with acids elsewhere in the tissues was taking place. However, the results are clearly not those expected if the total quantity of each acid was present at the site of the reactions of the Krebs cycle or in ready equilibrium with the acids at those sites. This qualitative conclusion may be drawn from the large and sustained differences in specific activity of the acids when [1_14C]acetate was being metabolized. These differences, more than tenfold in the acids of carrot and Bryophyllum, take on added significance when compared with the specific activity of the respired carbon dioxide when this had reached its maximum level .
Even before the specific activity of the carbon dioxide was corrected to take account of the nonlabelled carbon dioxide not arising from acetate utilization, it was clear that this was greatly in excess of the specific activity of some of the acids that were its precursors. The fact that in some of the maize tissues the specific activities of succinate and glutamate actually exceeded those of the carbon dioxide (before correction) shows that a greater proportion, and perhaps all of these particular acids, rapidly attained equilibrium with the succinate and glutamate undergoing reactions at the site of Krebs cycle.
The relative specific activities of the succinate and carbon dioxide from maize-root tips provide one basis for a minimum estimate of the fraction of the respiratory carbon dioxide arising from the Krebs cycle, and findings on the contribution of the different carbon atoms of glucose to the carbon dioxide for all tissues lead to a similar conclusion, that the reactions of the Krebs cycle produce not more than 50 % of the respired carbon dioxide. By applying this correction to the observed specific activity of the carbon dioxide it was possible to make quantitative estimates of the amounts of individual acids which came into equilibrium with the turnover pools (Table 11) .
From this which it was present, aconitic acid appeared to be largely out of contact with the turnover pools. In Bryophyllum, which has a particularly high acid content, not more than 30 % of any of the acids, and less than 2 % ofthe isocitrate, was in equilibrium with the carbon dioxide. Of the two storage tissues, carrot is distinguished by its relatively high malate content, and the great bulk of this does not equilibrate with that in the Krebs cycle. It thus appears that, in particular tissues, individual acids are separated from the turnover pools to very different degrees. A noteworthy feature is that, in all tissues, a sizeable fraction of the glutamate, even when it is present in relatively large amounts, rapidly reaches the same specific activity as the carbon dioxide.
The values in Table 11 should be considered in relation to the total amount of each acid present (Table 4 ). This allows a calculation of the amounts of each acid which reaches isotopic equilibrium with themselves and the carbon dioxide (Table 12) . In some tissues, such as carrot and beet, these amounts are about equal, but in most these turnover pools vary greatly in size.
No positive information is available from these plant materials on the possible intracellular location of the various functional pools. However, the magnitude of some of the turnover pools argues against their being confined to the mitochondria. The relatively slow approach to maximum labelling shown by some of the acids (Tables 6-9) would result if the pools actually at the respiratory centres were equal and small, and the remainder of the turnover pools remote but in ready equilibrium with these. Specific transfer of individual acids to the vacuole seems to offer the most logical explanation of the existence of extensive non-turnover pools, though further degrees of cytoplasmic 'compartmentation' are not to be ruled out. SUMMARY 1. The amounts of various Krebs-cycle acids and of glutamate and aspartate present in maize-root tissue of three different ages, maize coleoptiles, beet-and carrot-root tissue, and Bryophyllum and wheat leaves were determined.
2. Features of [1-_4C] acetate utilization by these tissues were examined.
3. 14C from [1-14C]acetate was found equally and only in the carboxyl carbons of malate, it was confined to the carboxyl groups of citrate, and distributed in a 1:2 ratio between C-I and C-5 of glutamate. These results confirm that acetate was being utilized by the Krebs cycle. 4. The progress of incorporation of 14C from [1-14C]acetate into acids, amino acids and carbon dioxide with time was determined, and changes in the specific activities of these components were measured.
5. When the specific activity of the carbon dioxide reached a constant value, indicating that equilibrium had been reached in the turnover pools of the acids of the Krebs cycle, there were great differences in the observed specific activities of the acids.
6. These differences are ascribed to the existence of pools of acids and amino acids not in ready equilibrium with the turnover pools, but which mixed with them during extraction.
7. By correcting the specific activity of the carbon dioxide to allow for the production of carbon dioxide in reactions other than those of the Krebs cycle, and comparing this value with the specific activities of the carboxyl groups of the acids, the fraction of each acid which was in equilibrium with the tumover pools was estimated.
8. The results show that large amounts of individual acids are physically remote from the respiratory centres, and that the amounts of acids in turnover pools in the various tissues are different.
9. The evidence from the maize-root tissues of different ages shows that, as vacuolation occurs, the relative amount of acids not in turnover pools (i.e. out of equilibrium with the carbon dioxide) increases markedly.
